A polymyxin B-resistant strain of Proteus mirabilis was converted into L forms and spheroplasts in the presence of penicillin G. This treatment caused a 400-fold increase in polymyxin B susceptibility. The acquired susceptibility was in the range of the natural susceptibility reported for susceptible gram-negative bacteria (-1 ,ug/ml). The high susceptibility to polymyxin B was lost as soon as the spheroplasts and L forms were allowed to reconvert into the bacillary form in penicillin-free media. This behavior is strong evidence that the natural resistance of Proteus strains to polymyxins is due to the impermeability of the outer cell wall structures to these antibiotic substances.
The primary mode of action of the polymyxin group antibiotics against susceptible bacteria seems to be a specific reaction with the cytoplasmic membrane, which finally results in the irreversible breakdown of the permeability barrier of the cells (13, 14) . It was suggested by Newton (13) , on the basis of cell wall analysis of susceptible and resistant Pseudomonas species, that in resistant bacteria the cell wall structures located outside of the cytoplasmic membrane might protect this membrane from the action of polymyxin by their impermeability to the antibiotic. A direct approach to this question would be the analysis of susceptible forms derived in vitro from resistant bacteria. Proteus strains should be suitable organisms for this kind of work. These organisms have an unusually high degree of resistance against polymyxins, in contrast to most other gram-negative bacteria, which are very susceptible (1) . In addition, Proteus cells can be converted into spheroplasts and L forms and cultivated as such in the presence of penicillin, a procedure altering the morphological and chemical properties of the cell wall to a high degree (2, 5, 6, 8) . A detailed analysis of stable Proteus L forms and their parent bacteria was recently published by Weibull and co-workers (18) .
In this publication, I report studies which show that P. mirabilis could, in fact, be rendered highly susceptible to polymyxin B in vitro by conversion into penicillin G-induced L forms and spheroplasts.
MATERIALS AND METHODS Strain. The P. mirabilis strain used throughout this investigation was a laboratory strain from the collection of our department. It was classified. according to Bergey's Manual of Determinative Bacteriology. It does not have penicillinase activity.
Medium. The medium used contained, per liter of distilled water: tryptic digest of casein (Merck, Darmstadt, Germany), 10 g; glucose, 5 g; yeast extract (paste, Zyma Blaes, Munich, Germany) freed from insoluble material by centrifugation, 5 g; and NaCl, 3 g; the final pH was 7.3 to 7.5. For solid media, 2% powdered agar-agar (Serva, Heidelberg, Germany) was added.
Antibiotics. Polymyxin B sulfate (sterile powder) was generously supplied by Pfizer GmbH, Karlsruhe, Germany. Penicillin G (sodium salt) was a gift from Hochst-Werke, Frankfurt/M., Germany; its specific activity was 1,650 units/mg. Incubation. All experiments were performed at 37 C. Liquid media were aerated by shaking on a reciprocal shaker (100 strokes/min).
Agar-diffusion test. An inoculum of 107 bacteria from an overnight culture was plated on solid medium. Polymyxin B sulfate (50 ,ug in 10 Aliters of water) was pipetted onto sterile filter paper discs (diameter, 9 mm) placed in the middle of the petri dishes.
Growth curves. Erlenmeyer flasks (100 ml) containing 20 ml of broth were inoculated with 0.1-ml amounts of overnight cultures of rod-shaped Proteus cells or of spheroplasts. The optical density of the cultures was determined with 1-cm cells at 600 nm (Fig. 1 ).
Growth response of spheroplasts to polymyxin B. Spheroplast cultures were grown in broth to an 347 optical density of 0.3 at 600 nm. At this point, polymyxin B sulfate was added, and the optical density was measured after an additional 2 hr of incubation (Fig.  2 ). The appearance of the cells during growth was checked with a Zeiss phase-contrast microscope.
Nomenclature. Growth in form of large, irregularshaped bodies is called L form, irrespective of the stability of the cells possessing this property. Regularshaped, round bodies are called spheroplasts.
RESULTS
Conditions for the formation of penicillininduced L forms and spheroplasts. On solid medium, growth of L-form colonies was obtained at a penicillin G concentration of 2.5 units/ml. In a typical experiment, from 107 rod-shaped bacteria plated, about 103 L-phase colonies developed at 2.5 units of penicillin G/ml and about 102 at 5 units/ml. Higher concentrations of penicillin were less favorable. The colonies were 1 to 2 mm in diameter after 48 hr of incubation. Usually, no rod-shaped bacteria grew under these conditions. On the other hand, 1 unit of penicillin/ml was not sufficient to induce L forms. Microscopic examination showed elongated rods swollen at the region of cell division. The L forms could be converted back to a bacillary type of growth by a single transfer to the penicillin-free medium, as checked with 20 randomly selected L-phase colonies.
In liquid culture at a penicillin G concentration of 2.5 units/ml, L forms isolated from penicillin-containing plates could be cultivated in the form of spheroplasts with a doubling time of 78 min, as compared with 42 min for the parent bacillary form in penicillin-free medium. Doubling time was defined as the time needed to allow doubling of the optical density during the linear part of the growth curve (see Fig. 1 ). Continuous microscopic examination during the growth cycle revealed only spheroplasts, but no rods.
The unusually low penicillin concentration necessary to induce L forms and spheroplasts is a particular property of the P. mirabilis strain used.
Susceptibility to polymyxin B sulfate of L forms and spheroplasts. From the data presented in Table 1 , it appears that penicillin-induced L forms of P. mirabilis are susceptible to concentrations of polymyxin B sulfate to which the rodshaped parent form is totally resistant. The intermediate form (elongated, swollen rods) growing at the low penicillin G concentration (1 unit/ml) seems to be almost as resistant as the true rodshaped form. Occasionally, and mainly after prolonged incubation, a few colonies developed within the zone of inhibition at the two higher whereas transfer to a penicillin-containing medium preserved the high polymyxin susceptibility together with L-form growth. From these results, it is clear that the penicillin-induced changes in the cell wall have to be severe enough to allow Lform growth in order to produce full susceptibility to polymyxin B. Since a quantitative evaluation with polymyxin is difficult to do by the agar plate diffusion test (because of the low diffusion rate of polymyxin), further experiments were performed with liquid cultures.
As judged turbidimetrically (Fig. 1 ), addition of polymyxin B sulfate to logarithmically growing penicillin spheroplasts of P. mirabilis in broth resulted in complete and immediate cessation of growth. The parent bacillary form, however, was only slightly affected by the same doses of polymyxin B sulfate (5 and 50 ,ug/ml). The drop in the optical density of the spheroplast culture observed after polymyxin application was caused by a macroscopically and microscopically visible aggregation of the spheroplasts to clumps containing up to several hundred organisms. This observation is in accordance with the report by Latterrade and Macheboeuf (7) that rough forms of gram-negative bacteria are agglutinated by polymyxin. Extensive lysis could be excluded because only very few ghosts were detected under the microscope. In Fig. 2 To get the same reduction with the parent rodshaped bacteria, a concentration of 80 Ag/ml had to be applied in a control experiment. From these results, the absolute increase in polymyxin suscep-tibility of the P. mirabilis spheroplasts was determined to be 400-fold. In conclusion, it can be stated that P. mirabilis spheroplasts are at least as susceptible to polymyxin B as most of the other gram-negative bacteria which are sensitive a priori (for a comparison, see 14) .
DISCUSSION
Since polypeptide antibiotics of the polymyxin type act on bacterial membranes because of their cationic detergent character (13, 14) , two different explanations of how resistant bacteria are protected are conceivable: (i) the antibiotic is chemically or enzymatically inactivated before it can reach the membrane, or (ii) the cell wall structures located outside of the cytoplasmic membrane cannot be penetrated by the antibiotic. The first alternative may be excluded in the case of polymyxin B since no degradation products could be detected in our laboratory by either electrophoretic or chromatographic methods (unpublished data). The second hypothesis was already stated by Newton (13) for susceptible and resistant Pseudomonas strains. In addition to being supported by my results, it is supported by the observation of Taubeneck (16) that a stable L form of P. mirabilis was highly susceptible to macrolide antibiotics (erythromycin, oleandomycin, and others) whereas the parent bacillary form was resistant. Similarly, Tulasne and Minck (17) reported that L forms derived from P. vulgaris and P. morgani demonstrated increased susceptibility to tyrothricin (a mixture of tyrocydine and gramicidin). A report on gram-positive bacteria which fits this hypothesis was published by Shockman and Lampen (15) , who observed a 5-fold increase in the susceptibility of Streptococcus faecalis spheroplasts to polymyxin B, together with a 10-fold higher susceptibility to the macrolide oleandomycin. In addition, methicillininduced protoplasts of several Staphylococcus aureus strains were shown to possess a 10to 50-fold enhanced polymyxin susceptibility (4) .
At the present time, however, the possibility cannot be excluded that the membrane itself is made more sensitive to polymyxin when P. mirabilis and other bacteria are converted into penicillin-induced spheroplasts. This possibility was discussed by Montgomerie et al. (9) . This interpretation would require one to postulate that the Proteus membrane is more rigid than the membrane of other gram-negative bacteria, which seems very unlikely if one takes into account the work of Neu. He demonstrated that osmotic shock caused the release of the nucleotide pool from all investigated gram-negative bacteria, including Proteus (12) . On the other hand, none of 349 'L L the lytic enzymes (ribonuclease I, 5'-nucleotidase, cyclic phosphodiesterase, alkaline phosphatase, and others) was released from Proteus by this treatment, whereas all other gram-negative organisms excreted 50 to 100% of the corresponding activities into the medium. In view of the accumulating evidence that these enzymes are located between the cytoplasmic membrane and the cell wall (3), and with attention directed to the striking similarity of the enzymes purified to date from a variety of gram-negative bacteria including Proteus (10, 11), it is not unreasonable to suggest that Proteus strains indeed may have a very rigid outer cell wail impermeable to large molecules such as the above-mentioned antibiotics and enzymes. Under this assumption, the polymyxin resistance of Proteus may well be correlated with this postulated cell wall structure.
Work is in progress in our laboratory to determine the nature and chemistry of the cell wall structure(s) responsible for the polymyxin resistance of Proteus. ACKNOWLEDGMENTS I thank 0. Kandler for helpful comments and suggestions. The valuable technical assistance of R. Keck is gratefully acknowledged.
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